ABSTRACT: Measurements are shown of GeV pions and muons in two 300µm thick, Si Medipix pixel detector assemblies that are stacked on top of each other, with a 25µm thick brass foil in between. In such a radiation imaging semiconductor matrix with a large number of pixels along the particle trail, one can determine local space vectors for the particle trajectory instead of points. This improves pattern recognition and track reconstruction, especially in a crowded environment. Stacking of sensor planes is essential for resolving directional ambiguities. Signal charge sharing can be employed for measuring positions with submicron precision. In the measurements one notices accompanying 'delta' electrons that emerge outside the particle trail, far beyond the boundaries of the 55µm pixel cells. The frequency of such corrupted position measurements is ∼one per 2.5mm of traversed Si.
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Introduction
It is traditional wisdom that a minimal number of silicon tracking planes must be used in the inner detector region of a particle collider experiment, in order to avoid multiple scattering, photon conversions and other disturbances upstream of the calorimeter. Here it is shown that in a different approach one can obtain extremely precise and detailed positioning information, including space vectors, using a silicon pixel detector with tens or hundreds of successive, highly redundant measurement planes. First results were reported earlier [1] , where also experimental details and references can be found. This Workshop Report further relates still preliminary work-in-progress. Trade-offs have to be determined between gains in spatial precision and pattern recognition, against degradation of the cleanliness at the entrance of the calorimeter. An obvious possibility is to shape this 3D vector detector as a 'pre-shower' entrance layer of the calorimeter. In the course of this work we observe also secondary 'delta' electrons, which have a high probability to create corrupted position measurements along the trail. If these are recognized in the fitting procedures, an improved precision may be achieved.
Medipix and Timepix hybrid pixel detectors have been used for these measurements. In the latter, trails of analog signals have been recorded for pions and muons that traverse longitudinally a large fraction of the 256 successive pixels. A different setup consisted of two Medipix devices closely assembled together into a 2-layer stack. With these detectors exposed to 120GeV/c particles in the CERN H6 beam we illustrate a first voxelized detector system with full parallel readout, that can provide vector tracking with submicron precision, even at very high densities of incident particles. Details on the Medipix Collaboration can be found on a website [2] where also descriptions of the pixel detectors and extensive references are provided. 2 Submicron precision, vector determination and and 2-layer stack 2.1 Submicron precision from signal charge sharing
In the Medipix 256x256 matrix the pixel dimensions of 55µmx55µm are small compared to the silicon sensor thickness of 300µm. Signal charge that is generated somewhere in the volume diffuses laterally when it is moving in the collecting electrical field towards the contacts at the extremes of the pixel columns. A schematic drawing is presented in figure 1 . The effective width of the charge cloud at the contact is enlarged when the charge was generated further away from that contact, as indicated by the width of the projected trails. When the signal charge is actually shared between adjacent pixels, it is possible to determine the particle position in the plane of the pixel matrix by interpolation with much greater precision than the pixel pitch. The width could even be used to estimate the depth coordinate of the charge origin [3] . For particles that are approximately parallel to the rows of the pixel matrix it was found that the detected average width of the charge cloud at the grounded contacts was 8µm. At the relatively high operating bias voltage(100V) no depth dependence was observed here. This apparent width depends on the threshold level of the pixel comparators, which was tuned to 1000 e − equivalent.
A typical measurement frame with 4 long muon trails is shown in figure 2(a) and a blowup of a row transition in figure 2(b) , taken from ref. [1] . The muon travels from the left through 39 pixels without causing double pixel hits, then has an 8-pixel double-hit overlap region, followed by another 39 single pixel stretch, until the next row-overlap region. In the 8µm wide, 440µm long overlap region the particle enters at the lower left corner and exits at the upper right corner. This defines the particle trajectory in this area with submicron precision.
Vector measurement
The highly segmented sensitive volume of such a detector allows imaging of successive points of charge deposition, leaving a precise trail of an ionizing particle in 3 dimensions, with a similar result as in a bubble chamber or in a nuclear emulsion. However, in some parts of the trail the precision is better (thanks to charge sharing) than in other parts (single pixel points). Precise vector determination is possible in the regions with charge sharing and between the mid-points of the overlap regions. These vectors are quite obvious in figure 2(a). Residuals can be determined from predicted and actual points along the successive stretches of a trail. 
Analog signal in each pixel
The Timepix detector [4] is an advanced iteration of the Medipix matrix chip and the distribution of a clock frequency (10MHz to 100MHz) to all pixels allows the encoding of arrival time of a radiation quantum, or alternatively the duration that the signal is above threshold (Time-OverThreshold TOT). This is a measure of the signal amplitude, but with non-linear behaviour at the low and high ends. Figure 3 shows the encoding of the pixels from the top trail in figure 4 (a) and the amplitude distribution follows a Landau curve, as in figure 4(b) . Analog signal analysis in each pixel allows to identify anomalously large energy transfers due to secondary electron generation, which is further discussed in section 3. In figure 3 one sees several pixels with large signals, but here the electrons apparently do not escape from the pixel volume of 55x55x300µm.
Stack of pixel detectors
Two Medipix detector assemblies have been clamped together as shown schematically in figure 5 . The actual devices can be seen in figures 6(a) and 6b. An example of matched frames is shown in figures 7(a) and 7(b). Several pions are incident from the bottom side, on detector I, they traverse the Cu foil and exit from detector E. An adjustment of approximately 50µm horizontally and 20µm vertically aligns the trails in the two planes. By chance, one of the pions interacts in the foil and produces outgoing particles in both the I and E detectors. Now one can precisely determine in which directions these escape.
Corruption of coordinates by delta-rays
The imaging capability of the pixel matrix allows clear distinction of energetic secondary electrons, 'delta rays', that may emerge sideways from the trail of an ionizing particle. A typical case is shown in figure 8 . The frequency of visible delta electrons has been determined on a small sample of 73 frames and an overview is given in table 1. On a total length of 1488mm for 241 trails one sees 600 times an extension of one or more pixels outside the straight path, on average every 2.48mm of Si. (a) (b) Figure 7 . Two matched frames from the stack in the 120 GeV pion beam. Left is the frame from detector I alone. Beam particles enter from below, and an interaction takes place, that leaves a large charge deposit with also one outgoing particle in I. The matching frame in detector E is superimposed in the right image, and shows several additional particles from this interaction. For a typical Si microstripdetector of 300µm thickness this translates into a 12% probability for a measurement point to be displaced by 50µm or more away from the real trajectory. Electronics readout using charge interpolation may aggravate this displacement, because the electron tends to deposit more energy towards the end of its range. If the large energy transfers could be eliminated from the tracking measurements, a better precision may be obtained. There will be a trade-off between increased multiple scattering and improved precision.
Conclusion
Various new possibilities of tracking with highly redundant pixel detectors have been demonstrated. In stacked detectors with small pixels one achieves 'voxel' measurements, delivering true 3D coordinates.
